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Introduction {#sec1}
============

With the depletion of energy sources (such as oil and coal) and the environmental problems caused by burning fossil fuels (global warming, air and water pollution, etc.), green renewable energy sources such as solar energy and hydrogen energy are bound to become an important energy source for future development ([@bib12], [@bib35], [@bib16]). Hydrogen energy is an extremely superior new energy source with high combustion heat value, no pollution, rich resources, and wide application range, which is regarded as the ideal clean energy in the future ([@bib6], [@bib53], [@bib54]). Among various hydrogen production procedures, electrochemical water splitting is inherently considered to be an ideal eco-friendly method to produce hydrogen with high purity ([@bib21], [@bib38], [@bib56], [@bib55]). Efficient water splitting typically requires highly active electrocatalysts to promote the hydrogen evolution reaction (HER) ([@bib15], [@bib8]). Recently, tremendous efforts have been devoted to search for non-precious metal catalysts to replace Platinum (Pt)-based catalysts in the hydrogen generation with high current densities at low overpotentials, which is thus highly desirable ([@bib41], [@bib33], [@bib36]). In particular, as an alternative, molybdenum-based catalysts, such as molybdenum disulfide (MoS~2~) ([@bib10]), molybdenum diselenide (MoSe~2~) ([@bib4]), molybdenum phosphide (MoP) ([@bib44]), molybdenum carbide (Mo~2~C) ([@bib17]), and molybdenum nitride (MoN) ([@bib58]), have recently attracted great attention as potential catalysts for HER, owing to their high cost-effectiveness, abundant molybdenum resources, favorable catalytic activities, and excellent stabilities ([@bib46], [@bib37], [@bib45]). Among them, Mo~2~C, an excellent transition metal carbide, has received increasing attention as a highly efficient HER electrocatalyst with high conductivity and optimal hydrogen absorption energy, in view of the fact that its electronic structure is almost identical to that of Pt-group elements ([@bib43], [@bib60], [@bib39]). To date, several kinds of Mo~2~C nanostructures have been successfully synthesized and showed the enhanced performance for HER ([@bib43], [@bib51], [@bib48]). It is well known that the electrocatalytic properties of metal carbides strongly depend on their surface structure and composition, which are closely associated with the porous structure and element doping ([@bib43], [@bib40], [@bib29]). Huang et al. ([@bib47]) prepared a kind of two-dimensional Mo/Mo~2~C heteronanosheets (Mo/Mo~2~C-HNS) as an efficient and stable noble metal-free electrocatalyst toward the HER in 0.5 M H~2~SO~4~. Gao et al. ([@bib26]) developed cobalt-doping into Mo~2~C nanowires to effectively optimize the electron features around Fermi level, accomplishing the efficient HER in both acidic and basic electrolytes. Therefore, to further improve HER activity of Mo~2~C, the structure-activity relationship relying on controlled morphology and doping for enhancing exposure of surface active sites is demanded to be uncovered for rational catalyst design.

In addition, the agglomeration of catalysts, especially in the form of powder, can also lead to the loss of active sites ([@bib2]). However, most of the as-synthesized nanoelectrocatalysts are in powder form, which need to be loaded onto glassy carbon (GC) electrodes with conductive polymer binders, such as Nafion. Unsatisfactorily, this step and the use of polymer materials will cause electrocatalysts agglomeration, which often leads to not only lower catalytic activity but also instability in the catalytic process ([@bib1]). Moreover, as long-term testing can cause Nafion to fall off from catalyst and electrode, resulting in poor contact between the catalyst particles and the underlying GC electrodes, the electron transfer from the electrode to electrocatalysts becomes difficult. Undoubtedly, Nafion is expensive and must undergo hazardous manufacturing processes, which is not suitable for large-scale practical applications ([@bib24], [@bib5], [@bib20]). Therefore, it is urgently necessary to exploit a low-cost and readily available material that can bond the catalyst powder without reducing catalytic activity to replace the inconvenient artificial polymer, especially Nafion. Nanocelluloses (NCs), being an abundant and natural polymer with considerable physical and biological properties, including renewable resource, sustainability, excellent mechanical properties, biodegradability, and biocompatibility ([@bib25], [@bib11]), have been widely used in numerous fields such as electronics ([@bib50]), medicine ([@bib27]), tissue engineering ([@bib57]), and pharmacy ([@bib63]). Moreover, nanocellulose possesses a superior hydrophilicity owing to the rich surface hydroxyl group, as well as high specific surface area and thermal stability, making it an advantageous carrier and binder for nanomaterials, especially in the powder form ([@bib30], [@bib19], [@bib32]).

In this work, we report nitrogen-doped molybdenum carbide nanobelts (N-Mo~2~C NBs) with porous structure synthesized through a direct pyrolysis process using the pre-prepared molybdenum oxide nanobelts (MoO~3~ NBs). Subsequently, nanocellulose instead of Nafion was employed in the bonding and fixing of N-Mo~2~C NBs. Surprisingly, nanocellulose bonded N-Mo~2~C NBs (N-Mo~2~C\@NCs) exhibited superior performance for HER, which possessed a lower overpotential (achieved 10 mA cm^−2^) of 163 mV than Nafion bonded N-Mo~2~C NBs (N-Mo~2~C\@Nafion) (180 mV) in an acidic electrolyte. To develop a simple and inexpensive methodology for practical applications, the flexible film electrode composed of N-Mo~2~C NBs, graphene nanosheets, and nanocelluloses (N-Mo~2~C/G\@NCs) was fabricated by vacuum filtration. The obtained N-Mo~2~C/G\@NCs possessed a small onset potential of −41 mV versus RHE to reach 1 mA cm^−2^, low Tafel slope (58.83 mA dec^−1^), and superior long-term stability (remaining the current densities of 100 mA cm^−2^ for 100 h, 200 mA cm^−2^ for 77 h, and 300 mA cm^−2^ for 60 h with negligible degradation of 0.92%, 3.69%, and 4.04%, respectively) toward HER. This work not only proposed the potential of nanocellulose to replace Nafion for binding powder catalysts, but also offered a facile strategy to prepare flexible conductive film electrode for a wide variety of nanomaterials.

Results and Discussion {#sec2}
======================

Herein, we performed a detailed characterization of MoO~3~ NBs and N-Mo~2~C NBs. The MoO~3~ NBs with smooth surface were successfully synthesized by hydrothermal reaction, which was confirmed by scanning electron microscopy (SEM) image ([Figure 1](#fig1){ref-type="fig"}A), transmission electron microscopy (TEM) images ([Figure S1](#mmc1){ref-type="supplementary-material"}), and X-ray powder diffraction (XRD, [Figure S2](#mmc1){ref-type="supplementary-material"}). After calcining MoO~3~ NBs with dicyandiamide at 800°C for 2 h under Ar gas atmosphere, the prepared porous N-Mo~2~C NBs were confirmed by the XRD pattern ([Figure 1](#fig1){ref-type="fig"}H, JCPDS No. 72--1683), in which the characteristic peaks at 34.47° (021), 38.07° (200), 39.53° (121), 52.29° (221), 61.76° (040), 69.77° (321), 74.90° (240), and 75.85° (142) were detected ([@bib42]). Moreover, the SEM ([Figures 1](#fig1){ref-type="fig"}B and 1C) and TEM ([Figures 1](#fig1){ref-type="fig"}D and 1E) images indicated the nanobelt morphology of N-Mo~2~C with the width of ∼500 nm and length of 2--8 μm inherited from the pristine MoO~3~ NBs. However, the rough and porous surface of N-Mo~2~C NBs was observed. High-resolution transmission electron microscopy (HRTEM) image in [Figure 1](#fig1){ref-type="fig"}F revealed well-resolved lattice fringes with the interval distance of 0.223 nm that could be indexed to the (121) plane of Mo~2~C phase. The element mapping result exhibited a homogeneous distribution of the N, C, and Mo elements in the resultant N-Mo~2~C NBs ([Figure 1](#fig1){ref-type="fig"}G). Furthermore, the Brunauer-Emmett-Teller specific surface area of the porous N-Mo~2~C NBs was determined by N~2~ adsorption-desorption isotherm as 21.60 m^2^ g^−1^, which was larger than that of MoO~3~ NBs (11.03 m^2^ g^−1^), causing the penetration of electrolyte to be promoted and rich active sites to be exposed ([Figure 1](#fig1){ref-type="fig"}I) ([@bib9]). Simultaneously, what we could get was that the pore size distribution of N-Mo~2~C was below 10 nm (inset of [Figure 1](#fig1){ref-type="fig"}I). Subsequently, the thicknesses of MoO~3~ NBs and N-Mo~2~C NBs were measured by atomic force microscope, as demonstrated in [Figure S3](#mmc1){ref-type="supplementary-material"}. It could be observed that the thickness of the N-Mo~2~C NBs (∼120 nm) was greater than that of MoO~3~ NBs (∼58 nm), which should be derived from the rough porous structure formed on the surface of the N-Mo~2~C NBs, resulting in that N-Mo~2~C NBs possessed a larger specific surface area and exposed more catalytically active sites.Figure 1Morphology and Structural Characterization of MoO~3~ NBs and N-Mo~2~C NBs(A--C) SEM images of (A) MoO~3~ NBs and (B and C) N-Mo~2~C NBs.(D--H) (D and E) TEM images, (F) HRTEM image, (G) the elemental mapping, and (H) XRD pattern of N-Mo~2~C NBs.(I) The nitrogen adsorption-desorption isotherms and pore size distributions of MoO~3~ NBs and N-Mo~2~C NBs.See also [Figures S1--S3](#mmc1){ref-type="supplementary-material"}.

Pleasantly, the N-Mo~2~C was steadily dispersed in nanocellulose aqueous solution, which maintained 24 h with negligible precipitation, as shown in [Figure 2](#fig2){ref-type="fig"}A. However, the N-Mo~2~C dispersed in both Nafion solution ([Figure 2](#fig2){ref-type="fig"}A) and aqueous solution ([Figure S4](#mmc1){ref-type="supplementary-material"}) did not show satisfactory results. SEM was implemented to examine the morphologies and structures of N-Mo~2~C\@Nafion and N-Mo~2~C\@NCs in [Figures S5](#mmc1){ref-type="supplementary-material"} and [S6](#mmc1){ref-type="supplementary-material"}. As displayed in [Figure S5](#mmc1){ref-type="supplementary-material"}, through the Nafion link, the N-Mo~2~C NBs were concentrated and buried, indicating that the use of Nafion would cause catalysts to aggregate and tightly cover catalysts, so that their active sites could not be fully exposed. On the contrary, in [Figure S6](#mmc1){ref-type="supplementary-material"}, the morphology of the N-Mo~2~C NBs was maintained, and the addition of nanocelluloses caused the nanobelts to be bonded together and well fixed. Simultaneously, the N-Mo~2~C NBs could be fully released, which was beneficial to the exposure of active sites. To further confirm this point of view, the commercial 20 wt% Pt/C was taken the same dispersion in Nafion and nanocellulose solution. SEM in [Figures S7](#mmc1){ref-type="supplementary-material"} and [S8](#mmc1){ref-type="supplementary-material"} indicated that 20 wt% Pt/C\@NCs possessed a higher exposure rate than that of 20 wt% Pt/C\@Nafion.Figure 2Comparison of Properties of Nafion- and Nanocellulose-Bonded Powder Catalysts(A) Photos of N-Mo~2~C aqueous dispersion with nanocelluloses and Nafion solutions, respectively.(B) The LSV curves (without *iR* corrected) of N-Mo~2~C\@Nafion, N-Mo~2~C\@NCs, 20 wt% Pt/C\@Nafion, and 20 wt% Pt/C\@NCs.(C and D) (C) Plot of positive and negative current density differences at a given potential (0.15 V versus the RHE) against the CV scan rates, and (D) EIS Nyquist plots at −200 mV versus RHE recorded of porous N-Mo~2~C\@Nafion and N-Mo~2~C\@NCs.(E and F) (E) EIS Nyquist plots with different overpotentials and (F) the chronoamperometry curves recorded at the overpotentials of 250 and 320 mV driven from N-Mo~2~C\@NCs. All electrochemical tests were performed in 0.5 M H~2~SO~4~ solution.See also [Figures S4--S16](#mmc1){ref-type="supplementary-material"}.

Next, we investigated the HER electrocatalytic activity of N-Mo~2~C\@NCs modified GC electrode in an acidic electrolyte (0.5 M H~2~SO~4~), where the potential of the reference electrode was calibrated with respect to a reversible hydrogen electrode (RHE) performed in a high-purity H~2~ (99.999%)-saturated electrolyte ([Figure S9](#mmc1){ref-type="supplementary-material"}). For comparison, the electrocatalytic actives of N-Mo~2~C\@Nafion, 20 wt% Pt/C\@Nafion, and 20 wt% Pt/C\@NCs were also investigated as benchmarks under the same conditions, as displayed in [Figure 2](#fig2){ref-type="fig"}B. As expected, 20 wt% Pt/C\@NCs behaved the best performance for HER among our catalysts, which only required an overpotential of 28 mV to reach a current density of 10 mA cm^−2^, which was lower than that of 20 wt% Pt/C\@Nafion catalyst (44 mV). Moreover, N-Mo~2~C\@NCs possessed an overpotential (achieved 10 mA cm^−2^) of 163 mV lower than that of N-Mo~2~C\@Nafion catalyst (180 mV). When at a current density of 50 mA cm^−2^ or even higher, both 20 wt% Pt/C\@NCs and N-Mo~2~C\@NCs exhibited significant potential reductions of ∼38 mV compared with 20 wt% Pt/C\@Nafion and N-Mo~2~C\@Nafion, respectively, indicating the potential of nanocellulose to replace Nafion for bonding powder catalysts. In addition, Tafel plots derived from [Figure 2](#fig2){ref-type="fig"}B indicated that the nanocellulose-bonded powder catalyst possessed a faster HER kinetics ([Figure S10](#mmc1){ref-type="supplementary-material"}), further revealing the potential of nanocellulose to replace Nafion. The double-layer capacitance of N-Mo~2~C\@NCs and N-Mo~2~C\@Nafion was measured by cyclic voltammograms (CVs), which was a pivotal parameter for estimating the electrochemical area at the solid-liquid interface. The double-layer capacitance of N-Mo~2~C\@CNC (11.16 mF cm^−2^) was extremely larger than that of N-Mo~2~C\@Nafion (2.51 mF cm^−2^), as exhibited in [Figures 2](#fig2){ref-type="fig"}C and [S11](#mmc1){ref-type="supplementary-material"}. The larger electrochemical area was associated with more active sites on the surface of N-Mo~2~C\@NCs at the solid-liquid interface, which was driven from the double-layer capacitance. The HER kinetics of N-Mo~2~C\@NCs and N-Mo~2~C\@Nafion at the electrode/electrolyte interface were further investigated in detail. In [Figure 2](#fig2){ref-type="fig"}D, the charge-transfer resistance (*R*~ct~) of N-Mo~2~C\@NCs (31.8 Ω) was much lower than that of N-Mo~2~C\@Nafion (71.2 Ω), suggesting the favorable kinetics of N-Mo~2~C\@NCs during the HER process. [Figure 2](#fig2){ref-type="fig"}E showed the representative Nyquist plots of N-Mo~2~C\@NCs at various overpotentials. It could be seen that, as the overpotential increased, the diameter of the semicircle in the low frequency region decreased accordingly (60 Ω at 160 mV to 15 Ω at 280 mV), indicating a diminishment of *R*~ct~. In addition, to study the durability of N-Mo~2~C\@NCs, long-term stability tests at the constant potentials (250 and 320 mV) have been operated. As shown in [Figure 2](#fig2){ref-type="fig"}F, N-Mo~2~C\@NCs displayed the current densities of 38 and 75 mA cm^−2^, which remained stable for 20 h with minimal degradation. Compared with N-Mo~2~C\@NCs, it could be observed from [Figure S12](#mmc1){ref-type="supplementary-material"} that N-Mo~2~C\@Nafion exhibited the obvious attenuation of 15.8% after i-t testing for 20 h. Therefore, the nanocellulose that replaced Nafion as binding agent was found to enhance not only the HER activity, but also the stability of the electrocatalyst. To reflect the practicality of film formation, loading on the surface of the substrate (carbon fiber cloth, abbreviated as CFC) was also achieved, which effectively reduced the amount of catalyst slurry. As manifested in [Figures S13](#mmc1){ref-type="supplementary-material"} and [S14](#mmc1){ref-type="supplementary-material"}, N-Mo~2~C\@NCs and 20 wt% Pt/C\@NCs hybrid components were evenly distributed on the surface of carbon nanofibers.

In addition, to highlight the performance advantages of nanocellulose in bonding powder catalysts compared with Nafion as a binder, additional five powder catalysts were further obtained, which were cobalt nanoparticles encapsulated in nitrogen-doped carbon nanotubes (Co\@N-C) obtained via an uncomplicated pyrolysis of Co-MOF (ZIF-67) ([@bib53], [@bib54]), nitrogen-doped carbon nanotube-coated cobalt nanoparticles (Co\@NC) by pyrolysis of cobalt salt with dicyandiamide, nitrogen-doped carbon nanotube-coated nickel nanoparticles (Ni\@NC) by pyrolysis of nickel salt with dicyandiamide ([@bib64], [@bib61], [@bib62]), the Co~2~P nanoparticles embedded into N, P co-doped carbon shells (Co~2~P\@NPC) derived from cobalt ions-adsorbed saccharomycete cells ([@bib23]), MoSe~2~ nanosheet/MoO~2~ nanobelt/carbon nanotube (MoSe~2~/MoO~2~/CNTs) composed of highly conductive CNTs, and hierarchical MoSe~2~ nanosheets on MoO~2~ nanobelts ([@bib52]), respectively. The phase composition of the as-prepared Co\@N-C, Co\@NC, Ni\@NC, Co~2~P\@NPC, and MoSe~2~/MoO~2~/CNTs catalysts could be confirmed by XRD results in [Figure S15](#mmc1){ref-type="supplementary-material"}, which illustrated the successful preparation of the target samples. It could be seen from [Figure S16](#mmc1){ref-type="supplementary-material"} that the nanocellulose-linked catalysts exhibited better HER performance than the corresponding catalysts bonded by Nafion, further embodying the advantages of nanocellulose as a binder.

Conversely, flexible nanocellulose-based N-Mo~2~C electrically conductive films were obtained by simple suction filtration on the resulted aqueous mixtures with nanocellulose linkages, as shown in [Figure 3](#fig3){ref-type="fig"}A. It is well known that the pure nanocellulose film exhibited network structure owing to the strong hydrogen bonding among the whiskers ([Figure S17](#mmc1){ref-type="supplementary-material"}) ([@bib31], [@bib28]). The nanocellulose could bind graphene nanosheets and N-Mo~2~C nanobelts with hydrogen bonds of hydroxys, contributing to outstanding flexibility, which indicated that nanocellulose possessed the excellent bonding between cellulose nanowhiskers and N-Mo~2~C nanobelts. Adding a small amount of graphene nanosheets was favored to enhance the conductivity. Particularly, nanocellulose played the key role in forming a flexible film. As shown on the right side of [Figure 3](#fig3){ref-type="fig"}B, a photo of an integrated N-Mo~2~C film was presented, which possessed high flexibility so that it could be bent by 180° without breaking. Without nanocellulose, the N-Mo~2~C/G could not form a film and was easy to powder, as shown in the left photo of [Figure 3](#fig3){ref-type="fig"}B. A physical film of N-Mo~2~C\@NCs was also demonstrated in [Figure S18](#mmc1){ref-type="supplementary-material"}, formed by suction filtration only using N-Mo~2~C nanobelts and nanocellulose, from which it could be observed that the effect of flexible film formation is due to the film-forming properties of nanocellulose, whereas enhanced conductive graphene nanosheets did not contribute to a film-forming effect. In addition, the obtained N-Mo~2~C/G\@NCs films could be easily tailored to pieces with appropriate size for practical applications. As shown in [Figure 3](#fig3){ref-type="fig"}C, hexagons, rectangles, triangles, and ribbon electrodes were rendered through the obtained films being cut, indicating that the film electrodes possessed unparalleled simplicity and convenience for the actual operation process.Figure 3Characterization of Structural Properties of N-Mo~2~C/G\@NCs Film(A) Schematic diagram of forming N-Mo~2~C/G\@NCs film.(B) Photos of the nanocellulose-free N-Mo~2~C/G filter membrane with a scraping operation (left) and free-standing flexible N-Mo~2~C film (right).(C) Physical images with N-Mo~2~C/G\@NCs electrodes cut into different shapes.(D--I) (D) Contact angle measurement, (E) FTIR spectra, and (F) High-resolution XPS spectra for O 1s of N-Mo~2~C/G and N-Mo~2~C/G\@NCs. SEM images with (G) cross-sectional view and (H and I) plane view of N-Mo~2~C/G\@NCs.See also [Figures S17--S24](#mmc1){ref-type="supplementary-material"}.

To disclose a better performance of the N-Mo~2~C/G\@NCs than N-Mo~2~C/G, the wettability was checked by measuring the contact angles toward sample surfaces. It could be seen from [Figure 3](#fig3){ref-type="fig"}D that the contact angles with water for N-Mo~2~C/G and N-Mo~2~C/G\@NCs were measured as 74.20° and 23.40°, respectively, which meant that N-Mo~2~C/G\@NCs could display a more hydrophilic behavior than N-Mo~2~C/G. [Figure 3](#fig3){ref-type="fig"}E manifested the Fourier transform infrared (FTIR) spectra of N-Mo~2~C/G and N-Mo~2~C/G\@NCs. Compared with N-Mo~2~C/G, the evident enhancement in the intensity of H-O bond at around 3,313 cm^−1^ indicated the formation of more hydroxyl groups on the N-Mo~2~C/G\@NCs surfaces caused by the addition of nanocellulose ([@bib7], [@bib13]). In addition, N-Mo~2~C/G\@NCs showed peaks from 2,915 to 2,848 cm^−1^, corresponding to the stretching vibrations of C-H ([@bib7], [@bib13]), which demonstrated that N-Mo~2~C/G has been successfully connected by nanocellulose in N-Mo~2~C/G\@NCs. X-ray photoelectron (XPS) spectra for O 1s of both samples could be deconvoluted to Mo-O or C-O (532.6 eV), and C=O (530.8 eV) bonds, except that there was a C-OH (531.4 eV) bond in N-Mo~2~C/G\@NCs ([@bib22]), as shown in [Figure 3](#fig3){ref-type="fig"}F. Among them, Mo-O bond attributed to the surface oxidation of N-Mo2C NBs exposed to air ([@bib14]), and C-OH bond owed to the introduction of hydroxyl groups by adding nanocellulose ([Figure S19](#mmc1){ref-type="supplementary-material"}), as well as that C-O and C=O bonds arised from partial oxidation of carbon in N-Mo2C/G\@NCs and functional groups in nanocellulose.

Subsequently, the structure of N-Mo~2~C/G\@NCs was strictly characterized. It could be presented from the inset of [Figure 3](#fig3){ref-type="fig"}G that the N-Mo~2~C/G\@NCs film possessed a thickness of ∼25.69 μm, which could be controlled by adding aqueous mixtures ([Figure S20](#mmc1){ref-type="supplementary-material"}). And a wavy layered structure could be clearly observed from the cross section in [Figure 3](#fig3){ref-type="fig"}G, which possessed an open architecture for rapid diffusion of ion/electron, maximizing the exposure of the active sites of N-Mo~2~C/G\@NCs ([@bib52]). As for the surface of N-Mo~2~C/G\@NCs film, the N-Mo~2~C nanobelts and graphene nanosheets were observed and fully exposed, which provided a large number of catalytic active sites, as shown in [Figures 3](#fig3){ref-type="fig"}H and 3I. In contrast, the pure graphene nanosheets possessed a smooth surface ([Figure S21](#mmc1){ref-type="supplementary-material"}), which limited the amount of supported electrocatalysts. At last, XRD ([Figure S22](#mmc1){ref-type="supplementary-material"}), Raman ([Figure S23](#mmc1){ref-type="supplementary-material"}), and XPS ([Figure S24](#mmc1){ref-type="supplementary-material"}) results also confirmed the successful synthesis of N-Mo~2~C/G\@NCs.

The prepared N-Mo~2~C/G\@NCs could be directly used as 3D electrodes for HER. For comparison, N-Mo~2~C\@Nafion and N-Mo~2~C/G\@Nafion were loaded on CFC to construct 3D electrodes, which were investigated as electrocatalysts for HER. Conversely, bare CFC as supporter was nearly electrochemically inert for HER. The N-Mo~2~C/G\@NCs electrode exhibited excellent catalytic activity with an onset potential of −41 mV versus RHE, as displayed in [Figure 4](#fig4){ref-type="fig"}A. To drive a current density of 10 mA cm^−2^, the N-Mo~2~C/G\@NCs electrode required an overpotential of 115 mV, which was much lower than those of N-Mo~2~C\@Nafion/CFC (178 mV) and N-Mo~2~C/G\@Nafion/CFC (143 mV). The above-mentioned comparison implied that the addition of nanocellulose instead of Nafion was beneficial to improve the HER performance of the N-Mo~2~C catalyst. Furthermore, the HER kinetics of different samples were further evaluated by using the corresponding Tafel plots. As shown in [Figure 4](#fig4){ref-type="fig"}B, the Tafel slope of N-Mo~2~C/G\@NCs catalyst was calculated to be 58.83 mA dec^−1^, which was much lower than those of bare CFC (265.63 mA dec^−1^), N-Mo~2~C\@Nafion/CFC (131.82 mA dec^−1^), and N-Mo~2~C/G\@Nafion/CFC (63.27 mA dec^−1^), revealing the favorable HER kinetics over N-Mo~2~C/G\@NCs. According to three principal steps (Volmer, Heyrovsky, and Tafel steps) in the mechanism of hydrogen generation in acidic electrolytes ([@bib15], [@bib18]), the as-prepared N-Mo~2~C/G\@NCs electrocatalyst might proceed via a Volmer-Heyrovsky mechanism, where electrochemical desorption was the rate-limiting step ([@bib49], [@bib3]).Figure 4HER Performance of Bare CFC, N-Mo~2~C\@Nafion/CFC, N-Mo~2~C/G\@Nafion/CFC, and N-Mo~2~C/G\@NCs(A and B) (A) The LSV curves (*iR* uncorrected) and (B) the corresponding Tafel plots of bare CFC, N-Mo~2~C\@Nafion/CFC, N-Mo~2~C/G\@Nafion/CFC, and N-Mo~2~C/G\@NCs.(C and D) (C) Plot of positive and negative current density differences at a given potential (0.15 V versus RHE) against the CV scan rates, and (D) electrochemical active surface area (ECSA) of bare CFC, N-Mo~2~C\@Nafion/CFC, N-Mo~2~C/G\@Nafion/CFC, and N-Mo~2~C/G\@NCs electrodes.(E) A plot of current for HER as a function of the geometric area from N-Mo~2~C/G\@NCs film under different overpotentials. The inset of (E) was the photos of N-Mo~2~C/G\@NCs with different geometric area.(F) EIS Nyquist plots at −200 mV versus RHE recorded of bare CFC, N-Mo~2~C\@Nafion/CFC, N-Mo~2~C/G\@Nafion/CFC, and N-Mo~2~C/G\@NCs electrodes.(G) EIS Nyquist plots of N-Mo~2~C/G\@NCs with different overpotentials.(H) The chronoamperometry curves of the N-Mo~2~C/G\@NCs electrode recorded at the overpotentials of 286, 394, and 492 mV.(I) The LSV curves of N-Mo~2~C/G\@NCs electrode after i-t testing. The inset of (I) displayed the corresponding SEM image after i-t testing. All tests were performed in 0.5 M H~2~SO~4~ solution.See also [Figures S25--S30](#mmc1){ref-type="supplementary-material"}.

The electrochemical surface area (ECSA) of different samples was evaluated, using the electrical double-layer capacitance tested by CVs. From [Figures 4](#fig4){ref-type="fig"}C and [S25](#mmc1){ref-type="supplementary-material"}, the double-layer capacitance value of N-Mo~2~C/G\@NCs was 26.04 mF cm^−2^, which was 26.84, 10.37, and 1.87 times larger than those of bare CFC (0.97 mF cm^−2^), N-Mo~2~C\@Nafion/CFC (2.51 mF cm^−2^), and N-Mo~2~C/G\@Nafion/CFC (13.91 mF cm^−2^), respectively. It was clearly found that the porous N-Mo~2~C nanobelts added nanocellulose and graphene nanosheets could result in a high ECSA, which might be associated with the greatly enhanced electrocatalytic HER activity ([Figure 4](#fig4){ref-type="fig"}D) ([@bib34]). To explore the exposure of the active sites of the catalysts when using hydroxy nanocellulose instead of Nafion, the turnover frequency (TOF) per active site was estimated ([@bib59]), which was calculated and plotted against potential in [Figure S26](#mmc1){ref-type="supplementary-material"}. What could be observed was that the TOF value of N-Mo~2~C/G\@NCs (e.g., 0.37 s^−1^\@100 mV) was larger than that of N-Mo~2~C/G\@Nafion (e.g., 0.16 s^−1^\@100 mV) under the same potential, which well supported the result that nanocellulose used as a binder could be exposed more to catalytically active sites than Nafion. In addition, the geometric areas of electrode could also be easily manipulated owing to the editability of N-Mo~2~C/G\@NCs. It could be observed from [Figure 4](#fig4){ref-type="fig"}E that the current increased linearly with increasing geometric area of N-Mo~2~C/G\@NCs.

To explore the interfacial properties of obtained catalysts, electrochemical impedance spectroscopy (EIS) measurements at the overpotential of 200 mV were conducted. The Nyquist plots given in [Figure 4](#fig4){ref-type="fig"}F revealed that the charge-transfer resistance (*R*~ct~) of N-Mo~2~C/G\@NCs (9.5 Ω) was obviously lower than those of bare CFC (\>1500 Ω), N-Mo~2~C\@Nafion/CFC (72.9 Ω), and N-Mo~2~C/G\@Nafion/CFC (17.5 Ω), thus achieving the lowest charge-transfer resistance among all the as-synthesized electrocatalysts, which implied the fastest and most efficient charge transport of N-Mo~2~C/G\@NCs during the electrocatalytic HER process ([@bib23]). Furthermore, the typical Nyquist plots of N-Mo~2~C/G\@NCs electrode at various overpotentials are displayed in [Figure 4](#fig4){ref-type="fig"}G, where the fitting parameters of *R*~s~ and CPE were 2.57 and 0.84 Ω, respectively. It could be seen that the *R*~ct~ values of N-Mo~2~C/G\@NCs significantly decreased with increasing overpotentials, from 83.67 Ω at 100 mV to 6.44 Ω at 250 mV, which indicated the fast reaction rate and favorable HER kinetics at the electrode/electrolyte interface ([@bib61], [@bib62]).

In addition to catalytic activity, electrochemical stability was another crucial factor in evaluating the properties of synthetic materials. The long-term stability of N-Mo~2~C/G\@NCs electrode was performed by continuous electrolysis at three fixed overpotentials of 286, 394, and 492 mV in 0.5 M H~2~SO~4~. Obviously, the current densities of 100 mA cm^−2^ for 100 h, 200 mA cm^−2^ for 77 h, 300 mA cm^−2^ for 60 h were rather stable, possessing negligible degradation of 0.92%, 3.69%, and 4.04%, respectively, as demonstrated in the time-dependent current density curves of [Figure 4](#fig4){ref-type="fig"}H. Furthermore, no obvious changes were observed in the LSV curves after i-t testing investigated by the above-mentioned continuous electrolysis ([Figure 4](#fig4){ref-type="fig"}I), revealing the excellent electrocatalytic stability of the N-Mo~2~C/G\@NCs electrode for HER. At the same time, the corresponding electrode maintained a complete morphology in the inset of [Figures 4](#fig4){ref-type="fig"}I and [S27](#mmc1){ref-type="supplementary-material"}, indicating its superior structural stability. By comparing XPS survey spectrum after prolonged i-t testing with the initial survey spectrum in [Figure S28](#mmc1){ref-type="supplementary-material"}, the stability of the chemical elements of N-Mo~2~C/G\@NCs could be observed. Therefore, the excellent performance of the N-Mo~2~C/G\@NCs electrode could be attributed to the following. First, nitrogen doping could increase electrocatalytic activity of Mo~2~C. Second, the porous nanobelt structure exposed the N-Mo~2~C catalyst to more catalytically active sites. Third, graphite nanosheet enhanced conductivity of N-Mo~2~C/G\@NCs. Fourth, nanocellulose with more hydroxyl groups increased the hydrophilicity of the electrode. Fifth, film formation could avoid the shedding of Nafion and powder catalyst, making its performance and structure stable.

In addition, to highlight the universality of this supported film method, we selected the above-mentioned five powder catalysts for surface filming operations, which were further characterized and tested. After the film formation of the powder catalysts on the surface of CFC, the corresponding SEM images of the synthesized Co\@N-C/G\@NCs, Co\@NC/G\@NCs, Ni\@NC/G\@NCs, Co~2~P\@NPC/G\@NCs, and MoSe~2~/MoO~2~/CNTs/G\@NCs were presented in [Figure S29](#mmc1){ref-type="supplementary-material"}. On the one hand, under the film forming using graphene and nanocellulose, the morphology of the powder catalysts was maintained. On the other hand, the catalysts were uniformly dispersed on the surface of the carbon fiber. Moreover, the detailed electrochemical data of these flexible electrodes were shown in [Figure S30](#mmc1){ref-type="supplementary-material"}. Therefore, the above-mentioned results indicated that the obtained powder catalyst could be efficiently loaded and filmed to form a flexible material through cross-linking with the one-dimensional structure of nanocelluloses and two-dimensional structure of graphene nanosheets.

Conclusion {#sec2.1}
----------

In conclusion, we have proposed the nanocellulose to replace Nafion for binding powder catalysts and offered a facile strategy to prepare flexible conductive film electrode with porous N-Mo~2~C nanobelts, graphene nanosheets, and nanocellulose. When at a current density of 50 mA cm^−2^ or even higher, both 20 wt% Pt/C\@NCs and N-Mo~2~C\@NCs exhibited significant potential reduction (approximately 38 mV) compared with 20 wt% Pt/C\@Nafion and N-Mo~2~C\@Nafion, respectively, indicating the potential of nanocellulose to replace Nafion for bonding powder catalysts. In addition, the flexible editable N-Mo~2~C/G\@NCs film was fabricated by vacuum filtration, possessing a wavy layered structure, which exhibited a small onset potential of −41 mV versus RHE, low Tafel slope of 58.83 mA dec^−1^, and superior long-term stability (remaining the current densities of 100 mA cm^−2^ for 100 h, 200 mA cm^−2^ for 77 h, 300 mA cm^−2^ for 60 h without negligible degradation of 0.92%, 3.69%, and 4.04%, respectively) toward HER in 0.5 M H~2~SO~4~. It was determined that the present methodology developed paved the way for practical applications of that the powder catalyst was bonded with nanocellulose to replace Nafion and further formed a flexible film for energy storage and conversion.

Limitations of the Study {#sec2.2}
------------------------

This work proposes the potential that nanocellulose can replace Nafion for binding powder catalysts. Although the experimental conclusions are further illustrated by different catalysts, the different catalysts for nanocellulose bonding demonstrate different degrees of improvement of electrocatalytic activity for HER, which may be limited by the properties of the applied catalysts. In addition, it can be observed from the work that functional group modification of nanocellulose or other organic reagents can be performed in subsequent studies to obtain a highly efficient alternative to Nafion-like binders.

Methods {#sec3}
=======

All methods can be found in the accompanying [Transparent Methods supplemental file](#mmc1){ref-type="supplementary-material"}.
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